The extended pairing plus QQ interaction with the J-independent isoscalar protonneutron force as an average monopole field, which has succeeded in describing collective yrast states of N ≈ Z even-A nuclei, is improved. The improvement is accomplished by adding small monopole terms (relevant to spectroscopy) to the average monopole field (indispensable to the binding energy). This modification extends the applicability of the interaction to nuclei with N ≈ 28 such as 48 Ca, and moreover improves energy levels of noncollective states. The modified interaction successfully describes not only even-A but also odd-A nuclei in the f 7/2 shell region. Results of exact shell model calculations in the model space (f 7/2 , p 3/2 , p 1/2 ) (its usefulness has been demonstrated previously) are shown for A=47, 48, 49, 50 and 51 nuclei.
Introduction
An extended P + QQ force model [1, 2] has been applied to even-A nuclei in the f 7/2 shell region, in the previous paper [3] (hereafter referred to as (I)). The exact shell model calculations have shown that the P 0 + P 2 + QQ + V 0 πν interaction well reproduces the observed energy levels and E2 transition probabilities of the collective yrast states as well as the binding energies in the A=46, 48 and 50 nuclei with N ≈ Z. The correspondence between theory and experiment is almost comparable to that attained by the full f p shell model calculations with realistic effective interactions [4] [5] [6] [7] [8] [9] [10] .
The P 0 + QQ or P 0 + P 2 + QQ force [11] [12] [13] [14] has been regarded as a schematic interaction which represents typical correlations in nuclei. The results in (I), however, told us that the extended P + QQ force accompanied by the Jindependent proton-neutron (p-n) force V 0 πν is more than a mere schematic interaction and reflects the important aspects of the real interaction. The interaction serves for quantitative description of nuclear structure in the f p shell region. This conclusion is consistent with the discussion of Dufour and Zuker [15] that the residual part of a realistic effective interaction obtained after extracting the monopole terms is dominated by the multipole forces (P 0 , QQ etc.). In our model, the V 0 πν force nicely plays the role of the average monopole field and recovers the deficiency of the binding energy given by the P 0 + P 2 + QQ force.
The calculated results in (I), however, revealed two flaws of the P 0 +P 2 +QQ+ V 0 πν interaction: (1) noncollective states except the collective yrast states have a tendency to go down; (2) binding energies and level schemes become worse as N separates from Z, especially when N is close to 28 as 48 Ca. These flaws remind us of the divergence from experiment when the Kuo-Brown (KB) interaction [16] is applied to systems of many valence nucleons 48 Ca, 49 Ca etc [17] . The divergence was cured by modifying the monopole components of the T = 0 and T = 1 interaction matrix elements [18, 19] . The power of the modified interaction KB3 [4, 19] was shown in the exact shell model calculations [4] [5] [6] 20, 21] . The modified aspect of another effective interaction FPD6 [22] refers also to the monopole terms [23] . These indicate the importance of the monopole terms in spectroscopy [15, 18, 19, 23, 24] . Our interaction has the most important term V 0 πν as the average monopole field but does not include the monopole terms which affect spectroscopy. It is a natural next concern to investigate whether the additional monopole terms can remove or not the flaws mentioned above.
For this purpose, we carry out exact shell model calculations in the same model space (f 7/2 , p 3/2 , p 1/2 ) as in (I), where the model space was shown to be useful when the average monopole field (V 0 πν ) independent of the extent of space is properly treated [3] . We introduce additional monopole terms so that their forms are as simple as possible and the number of new parameters is minimal. The modified interaction gives us satisfactory results for the f 7/2 shell nuclei. This paper presents only a short review for even-A nuclei, because the conclusions in (I) for the collective yrast states of N ≈ Z even-A nuclei are hardly changed. Our major attention is devoted to odd-A nuclei, the structure of which is expected to be sensitive to the effective interaction employed. There are successful works by Martínez-Pinedo et al. [20, 21] in which the A=47 and 49 nuclei are exhaustively studied by the full f p shell model with the KB3 interaction. We examine the quality of our model by comparing our results with theirs as well as experimental ones. We shall also show that our model describes A=51 nuclei very well.
In Section 2, the additional monopole terms are introduced into our model and new parameters are determined for 48 Ca and 47 Ti. Section 3 makes a report about the effects of the modification on even-A nuclei. Section 4 examines the results of calculations in the cross conjugate nuclei ( 47 Ti, 49 V) and ( 47 V, 49 Cr). The results for A=51 are shown in Section 5. Concluding remarks are given in Section 6.
modification of the monopole filed
We start with the same model as in (I), i.e., the P 0 +P 2 +QQ+V 0 πν interaction in the model space (f 7/2 , p 3/2 , p 1/2 ) with the following parameter set called "Set A" in this paper (see (I) in detail):
Set A: ε 7/2 = 0.0, ε 3/2 = 1.98, ε 1/2 = 3.61,
This model succeeds in describing the collective yrast states of N ≈ Z nuclei, but cannot well reproduce binding energies and level schemes in nuclei with N ≈ 28. We consider 48 Ca as a conspicuous example in Fig. 1 . The groundstate energy calculated with the parameter set A is -3.72 MeV against the experimental energy -7.04 MeV. The obtained level scheme is shown in the first column A in Fig. 1 . There is a significant discrepancy between the original model (column A) and experiment (column exp).
We used the naive single-particle energies with small spaces from the observed levels of 41 Ca in the Set A. One may attribute the lowering of excited states to the small spaces ǫ 7/2 −ǫ 3/2 and ǫ 7/2 −ǫ 1/2 . The single-particle energies, however, do not very much affect the level scheme in the P 0 + P 2 + QQ force model, as mentioned in (I). If a little strengthened QQ force is used for the singleparticle energies of Kuo and Brown [16] , energy levels obtained are almost unchanged for the collective states in N ≈ Z nuclei. The effect on 48 Ca is shown in the second column B of Fig. 1 . The small energy gap between 0 + 1 (the ground state) and 2 + 1 is little improved. The use of the Kuo-Brown singleparticle energies which are often employed will be convenient for comparison of our interaction with other effective interactions. We therefore use the new set of parameters (called "Set B") for the P 0 + P 2 + QQ force in this paper, Set B: ε 7/2 = 0.0, ε 3/2 = 2.1, ε 1/2 = 3.9, 
If we enlarge the value of Eq. (3), we can get a deep binding energy of 48 Ca. The enlargement of the f 7/2 interaction matrix elements gives a smaller energy gain to the excited states than 0 1 energy gap is further increased by weakening the interaction matrix elements f 7/2 rJ, T = 1|V |f 7/2 rJ, T = 1 (r = p 3/2 or p 1/2 ). Note that only the isovector interactions with T = 1 take action in 48 Ca.
Therefore, a simple way to improve the binding energy and level scheme of 48 Ca is to add the following correction to the isovector (T = 1) interactions: where
Neglecting the J-dependence of ∆k 1 (abJ), in this paper, we make further simplification
0 for the others.
Then, we have the isovector correction ∆V 1 which belongs to the monopole terms discussed in Refs. [4, 15, 24] ,
We can expect ∆k 1 (f 7/2 f 7/2 ) being attractive and ∆k 1 (f 7/2 r) being repulsive, from the above consideration. Trial calculations in 48 Ca recommend the following corrections to the parameter set B, which we call "Set C": Set C: Set B accompanied by the corrections ∆k 1 (f 7/2 f 7/2 ) = −0.14, ∆k 1 (f 7/2 r) = 0.05 (in MeV).
The parameter set C yields the level scheme in the third column C of Fig.  1 . The agreement with the observed levels is satisfactory. Figure 1 testifies that the P 0 + P 2 + QQ force is very much improved by adding the isovector monopole terms as Eq. (6).
Let us test the validity of ∆V 1 with the parameters (7) in odd-A nuclei which are sensitive to the interaction employed. Figure 2 illustrates the comparison between calculated yrast levels and observed ones in 47 Ti, where only negativeparity states are considered in our model space (f 7/2 , p 3/2 , p 1/2 ). The results in the columns A, B and C are obtained by using the parameter sets A, B and C, respectively. The results A and B show that the P 0 + P 2 + QQ force fairly well reproduces the collective ground-state band on the 5/2 − state but lays the noncollective low-spin states 3/2 − and 1/2 − too much lower. This tendency is one of the flaws of the P 0 + P 2 + QQ force. The column C indicates that the isovector monopole terms in ∆V 1 push the 3/2 − and 1/2 − states up to the correct positions. However, ∆V 1 disturbs the order of the adjacent levels (5/2 − , 7/2 − ) and (9/2 − , 11/2 − ) at low energy and lowers the energies of highspin states above 13/2 − . Furthermore, the introduction of ∆V 1 changes the binding energy of not only 48 Ca but also the other nuclei. Especially, the additional isovector pairing interactions f 7/2 f 7/2 J, T = 1|V |f 7/2 f 7/2 J, T = 1 operate on the main configurations of the ground states and cause overbinding.
These secondary troubles can be cured by introducing additional isoscalar (T = 0) monopole terms and by weakening the J-independent isoscalar force V 0 πν (note that they are p-n interactions). First, let us write the isoscalar correction ∆V 0 in a form similar to ∆V
We determine the parameters ∆k 0 (f 7/2 f 7/2 ) and ∆k 0 (f 7/2 r) so that the inverse order of (5/2 − , 7/2 − ) and (9/2 − , 11/2 − ) are restored and the high-spin levels get near to the observed ones. Secondly, we weaken the strength k 0 of V 0 πν so as to obtain relatively good binding energies for nuclei from A=42 to A=51 as a whole. The obtained parameter set, which we call "Set D", is 
The parameter set D yields the level scheme in the fourth column D of Fig 48 Ca is nothing but the result obtained by using the parameter set D. We can determine the strengths of ∆k 0 (f 7/2 f 7/2 ) and ∆k 0 (f 7/2 r) also in 46 V, because the relative energy of the lowest T = 0 and T = 1 states in odd-odd nuclei is sensitive to these parameters. If we enlarge the absolute values of ∆k 0 (f 7/2 f 7/2 ) and ∆k 0 (f 7/2 r), we get better energies for T = 0 low-spin states but too high energies for T = 0 high-spin states in 46 V. The same tendency is seen in the column D of ) and ∆k 0 (f 7/2 r) become, the higher the high-spin levels go up. Figures 1 and 2 say that the parameters
) and ∆k 0 (f 7/2 r) must not change too much from the values in Eqs. (7) and (9) .
Using the parameter set D, we obtain the ground-state energies shown in Fig. 3 , where the obtained result is compared with the result of (I) (cal A) and with the experimental ground-state energies (see (I)). The modification in this paper improves the binding energies of nuclei with large T such as the Ca isotopes, as compared with the original model. Figure 3 , however, tells slight overbinding of the N ≈ Z nuclei with small T . For instance, the model (denoted by +) lowers a little the excitation energies of the T = 1 and T = 2 isobaric analogue states in 48 Cr, while the original model (denoted by * ) reproduces them. We keep the fixed values (7) and (9) of the parameters ∆k 1 and ∆k 0 for all the A=42-51 nuclei in Fig. 3 , but the figure suggests that the additional monopole terms are too strong for the A=50 and A=51 nuclei with large T . Possibly the parameters ∆k 1 and ∆k 0 should have A dependence. The present modification still leaves a room for fine improvement. Our concern is, however, to sketch out functions of various typical interactions. The guiding principle in this paper is to cure the above-mentioned two flaws of the original model by using as few number of parameters as possible. We are content with the results in Figs. 1, 2 and 3. The modified model with the parameter set D fairly well reproduces the binding energies and level schemes of 48 Ca and 47 Ti. We shall examine this modified model in the following sections.
Effects of the additional monopole terms on even-A nuclei
Let us see the effects of the additional monopole terms on even-A nuclei, to which the original model without these terms is applied in (I).
The original P 0 + P 2 + QQ + V 0 πν interaction well describes the collective yrast states of N ≈ Z even-even nuclei. The additional monopole terms with the parameters (9) have little effect on these nuclei, though we do not show figures of the results except 50 Cr. The discussions about the collective yrast states of 46 Ti, 48 Cr and 50 Cr in (I) remain valid also in the present modified model. The level structure including non-yrast levels and B(E2) in the groundstate band are hardly changed in 46 Ti and 48 Cr. The backbending plot of the 48 Cr rotational band is fairly well and the quality is the same as that in (I). Speaking strictly, the additional monopole terms do not improve the excitation energies of 8 The modified model (D) produces a little better level structure than the original model (A) in 50 Cr, as shown in Fig. 4 . Not only the yrast levels but also other levels correspond better to the observed levels. The low-spin states 2 laying them at good positions.
Next, we examine the applicability of our modified model in odd-odd nuclei which are most sensitive to the interaction employed. The previous paper (I) has shown that the P 0 + P 2 + QQ + V order.
The same problem is observed in odd-odd nuclei away from N = Z, though the introduction of the additional monopole terms is very effective in improving the level scheme. The modified model well describes the collective yrast band, but cannot reproduce the correct order of low-lying levels and fails to give the correct ground state in 48 V and 48 Sc. In 48 V, the lowest state 2 The accumulation of experimental and theoretical studies has been clarifying the structure of A=47 and A=49 nuclei. Martínez-Pinedo et al. [20, 21] made an exhaustive study of these nuclei by the full f p shell model calculation using the KB3 interaction. These nuclei are very suitable for examining the quality of our model. We direct our attention to the pairs of nuclei 47 Ti -49 V and 47 V -49 Cr which have the cross-conjugate configurations ((f 7/2 ) 7p and (f 7/2 ) 7h ) in the single j limit. The energy levels of 47 V and 47 Cr ( 49 Cr and 49 Mn) are equivalent in our model because of the isospin invariant Hamiltonian. We discuss the structure of 47 V and 49 Cr for simplicity. Only negative-parity states of these nuclei are considered in the model space. We use the effective charge e ef f = 0.5e and the harmonic-oscillator range parameter b 0 = 1.01A
1/6 fm in the calculations. These values are the same as those in Refs. [20, 21] .
4.1
47 Ti -49 V
We have already seen in Fig. 2 that the extended P + QQ model satisfactorily reproduces the yrast levels of 47 Ti. This is clearer in the spin-energy graph in Fig. 8 , where our model (cal D) correctly traces the observed staggering gait depending on the spins (2J ±1)/2. The result of our extended P +QQ model is almost comparable to that of Martínez-Pinedo et al. with the KB3 interaction. Table 1 shows electric quadrupole properties of the yrast and other states in 47 Ti. The calculated B(E2) values correspond to the tendency of the observed ones [27] to some extent, but the quality of the data may not be sufficient [20] . We calculated the spectroscopic quadrupole moment Q spec and intrinsic quadrupole moments Q [25, 28] in Fig. 9 . Our model reproduces not only the yrast levels but also the second lowest levels from J π = 3/2 − to 11/2 − , and nearly traces the staggering gait in the spin-energy graph of the yrast states. For the yrast levels, the correspondence between theory and experiment in 49 V is somewhat worse than that in 47 Ti at high spin. It is, however, notable that the two spin-energy graphs of the cross-conjugate nuclei 47 Ti and 49 V in Figs. 8 and 9 resemble each other and are well described by our model. Table 2 shows calculated B(E2) values and observed ones [29] , and calculated values of the spectroscopic quadrupole moment Q spec . The results of Martínez-Pinedo et al. [20] are also shown for comparison. The B(E2) values obtained by our model are comparable with those of Ref. [20] , and roughly consistent with the observed B(E2) values though the data are of poor quality. The spectroscopic quadrupole moment of the ground state 7/2 − 1 obtained by our model is nearly equal to that of Ref. [20] . The calculated values of Q spec say that the yrast band changes the structure at the 17/2 appears in the spin-energy graph of Fig. 9 , where the staggering is large from 9/2 [20, 21] . This is a question to our model which is expected to describe the collective band well. We shall touch upon this question in the next subsection.
In Table 3 , calculated electric quadrupole properties B(E2), Q spec , Q [30, 31] . Other observed γ transitions for the high-spin states are not necessarily understood by our result that B(E2 :
The calculated spectroscopic quadrupole moment Q spec suggests a change in the structure of the Table 3 Electric quadrupole properties in 47 V: B(E2) in e 2 fm 4 ; Q spec and Q 0 in e fm 2 .
Expt. present Martínez-Pinedo Cr. The subtle but strange behaviors are curious for us to understand, though the delicate difference in the interaction matrix elements from the realistic effective interaction KB3 could affect the staggering in our model. The interesting fine structure should be investigated further experimentally and theoretically.
Electric quadrupole properties of the yrast states in 49 Cr are listed in Table 4 . The results of our model for B(E2), Q Let us list calculated electric quadrupole properties of the yrast states in Table  5 , in order to see the structure of 51 Mn. Table 5 shows that the yrast states from 5/2 − to 15/2 − are connected by large values of B(E2 : J → J − 2) and B(E2 : J → J −1). We can regard these states as members of a very collective band. The spectroscopic quadrupole moment Q spec abruptly changes the sign at 17/2 − 1 , which suggests a structure change similar to that at 10 Figure 14 shows the results in 51 Cr. The energy levels observed in 51 Cr are Table 5 Calculated electric quadrupole properties of the yrast states in 51 Mn: B(E2) in e 2 fm 4 ; Q spec in e fm 2 . Table 6 Calculated electric quadrupole properties of the yrast states in 51 Cr: B(E2) in e 2 fm 4 ; Q spec in e fm 2 . Cr, though the turning point is different and the behavior of the spectroscopic quadrupole moment Q spec is different in the two nuclei. This may be the same kind of band crossing as that in 50 Cr or 48 Cr. The backbending is common to even-A and odd-A nuclei in the middle of f 7/2 shell.
Although we omit the results in 51 V and 51 Ti, the extended P + QQ model with the additional monopole terms well describes these nuclei.
Concluding remarks
We have shown that the P 0 +P 2 +QQ+V 0 πν interaction proposed in Refs. [1] [2] [3] is very much improved, if the average monopole field V 0 πν is modified by adding small monopole terms. The modified model well reproduces the experimental binding energies, energy levels and B(E2) between the yrast states not only in even-A nuclei but also odd-A nuclei with A=44-51. The concrete results support the previous discussions developed by Zuker and co-workers: (1) the monopole components of the T = 0 and T = 1 interaction matrix elements play important roles in nuclear spectroscopy [4] [5] [6] 20, 21] ; (2) the residual part of a realistic effective interaction obtained after extracting the monopole terms is dominated by the P 0 and QQ forces [15] . Our functional interaction has clarified the different roles of the average monopole field V 0 πν (which contributes to the large binding energy and to the energy difference between the T = 0 and T = 1 states in N = Z nuclei [1] [2] [3] 33] ) and the additional monopole terms (which affect spectroscopy). The calculations recommend including the P 2 force in quantitative description.
The present modification of the P 0 + P 2 + QQ + V 0 πν interaction leaves still a tiny room for improvement. For instance, we have seen the somewhat awkward reproduction of the middle-spin levels in the band crossing region in some nuclei such as 51 Mn. We have considered only the simplified forms of the T = 0 and T = 1 diagonal interactions and neglect J-dependence of them, in this paper. On the other hand, some J-dependent miner changes in the interaction matrix elements f 7/2 f 7/2 JT |V |f 7/2 f 7/2 JT are added to the monopole terms in the KB3 interaction. If we adopt such miner corrections for ∆k τ (f 7/2 f 7/2 J) in Eqs. (4) and (8), we shall possibly get better results. We made the present calculations without changing the scaling of the force strengths, since the results do not demand the change. We have simply neglected the A-dependence of the additional monopole terms.
The calculations in this paper (and (I)) demonstrate the quality of the P 0 + P 2 + QQ + V 0 πν interaction modified by the additional monopole terms (or without the modification in some cases) to be good enough for practical use to discuss the nuclear structure. Our interaction is flexible in changing the model space (for instance possible extension to the two major-shell space) and is applicable to regions where any reliable effective interaction is not available. Our functional effective interaction is not determined in terms of individual interaction matrix elements but has only a few parameters (8 parameters and single-particle energies in this paper). It is interesting to apply the functional effective interaction to various nuclei including those in the proton-drip line.
